proach coupled with gene-mapping information and genetic linkage analysis, using selected groups of affected and unaffected individuals. Many genes, including GJB2, TECTA, and OTOF, have been identified in this way (Kelsell et al. 1997; Verhoeven et al. 1999; Yasunaga et al. 1999) . Although this method is very effective for discovery of novel deafness-related genes, narrowing a candidate locus to a very small interval requires participation of relatively large families and comprehensive clinicopathological data. Another approach is based on specific expression patterns or functions in target organs. Inner-ear cDNA libraries have been constructed from multiple samples of fetal cochlear tissue to isolate genes associated with hearing (Robertson et al. 1994; Jacob et al. 1997) . This approach has identified three genes responsible for deafness: ATQ1, COCH, and OTOR (Robertson et al. 1994 (Robertson et al. , 2000 Skvorak et al. 1997) . A large series of cochlea organ analysis has been performed, including more than 4000 human expressed sequence tags (ESTs) from the fetal cochlear library deposited in the public database (see http:// hearing.bwh.harvard.edu/cochlearcdnalibrary.htm). However, to date, no attempt has been made to characterize the expressed genes of the human vestibule representing a functionally essential compartment in the inner ear. Vestibular symptoms are clinically either sole complaints or sometimes associated with deafness. Among the cochleo-vestibular dysfunctions, Meniere's disease, which is defined as a clinically representative inner ear disorder accompanied by sensorineural hearing loss and vertigo, was dominantly inherited in some families (Fung et al. 2002) . The importance of genetic factors in Meniere's disease has been suggested, but very few genes associated with vestibular dysfunction have been cloned. The COCH gene, which is predominantly expressed in the inner ear, is demonstrated to be responsible for one type of nonsyndromic hearing loss with progressive hearing loss and vestibular dysfunction (Robertson et al. 1998) . In contrast to the recent progress in the discovery of genes responsible for hearing loss, genes related to vestibular symptoms are not yet fully understood. Although many similarities are observed in the general features of cochlea and vestibular end organs, there are consid-
Introduction
Analysis of the human genome at the molecular level has made it possible to identify genes responsible for hereditary deafness; to date investigators have cloned 28 genes associated with nonsyndromic deafness and dozens involved in deafness syndromes (multiple phenotypic disease).
Among several different approaches for identifying aberrant genes responsible for hearing disorders, the most common strategy has been the positional-candidate ap-erable differences in these homologous organs, including their evolution, structure, and function.
Therefore, as an additional resource for investigating genes essential for hearing and equilibrium, we constructed a human vestibular cDNA library by means of T7-based amplification of RNA from a very small amount of adult inner-ear tissue (Luo et al. 1999) , and here describe the detailed analytical results obtained from reverse transcriptase-polymerase chain reaction (RT-PCR) experiments. To our knowledge, this is the first study of the gene expression profiles of human vestibular tissue.
Materials and methods

RNA extraction and T7-based amplification
Tissue samples of an adult vestibule were obtained from a single patient during labyrinthectomy with prior written informed consent, and immediately stored at Ϫ80°C. Total RNA was extracted from each tissue with an RNeasy mini kit (Qiagen, Valencia, CA, USA). Because of the extremely small amount of vestibular total RNA available at nanogram-level quantities, we applied one cycle of T7-based RNA amplification after DNase I treatment of total RNA and subsequent cDNA synthesis, as described previously (Luo et al. 1999) , with some modifications.
Construction and analysis of a vestibular cDNA library
For second-strand cDNA synthesis, a linker-primer that included an internal XhoI site (5Ј-AGTCTCGAGTCTAG TCGACGGCCAGTGAATTGTAATACGACTCACTATAGG GCGT 21 -3Ј) was used. After double-strand cDNA fragments of less than 200 bp were removed by the use of CHROMA spin column-400 (CLONTECH, Palo Alto, CA, USA), a cDNA library was constructed using the cDNA Synthesis kit (Stratagene, LaJolla, CA, USA) according to the supplier's instructions. From recombinant clones, we randomly selected 506 clones and determined their DNA sequences. The nucleotide sequence of each clone was compared with those of cDNA sequences in the GenBank database of the National Center for Biotechnology Information as of October 2002. The clones were classified according to the entries in GenBank (Table 1) .
RT-PCR analysis
From among the 506 EST sequences obtained from the vestibular cDNA library, we selected clones that showed no match to any cDNA sequences in the database. Twenty-two novel EST sequences were submitted to the Center for Information Biology and DNA Data Bank of Japan (DDBJ); their GenBank accession numbers are AB0728187, AB072818, AB077323, AB074042, AB076975, AB074038, AB074039, AB072821-AB072825, AB074046, AB07673, AB074133, AB074135, AB076955, AB076958, AB076959, AB076961, AB076962, and AB076966. To determine the tissue expression patterns of the selected ESTs, we examined them by semiquantitative RT-PCR analysis using one round of T7-based amplified cDNAs from one vestibular organ and eight organs (brain, heart, placenta, lung, liver, skeletal muscle, kidney, and pancreas). Human glceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a quantity control. Sets of primers corresponding to each gene were designed from nucleotide sequences of the vestibular cDNA clones obtained, and these sets were first tested on genomic DNA to test the PCR. Amplification was performed at an annealing temperature of 95°C for 2 min, followed by 30-35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. The annealing temperature was adjusted according to the Tm of the primers used. PCR products were electrophoresed on a 2%-3% agarose/Ethidium bromide gel.
Results
Evaluation and functional categorization of the vestibular cDNA library
The cDNA library was constructed from membranous labyrinths (vestibule) from adult inner ear. Very careful microscopic dissection was performed to avoid contamination by surrounding bony, cartilaginous, and fibrous elements. We obtained approximately 2.7 ϫ 10 4 plaques and performed a partial characterization using 506 randomly selected clones. The insert sizes of these cDNA clones ranged from 0.2 to 0.5 kbp. Their DNA sequences were compared with sequences in the public database and classified as shown in Table 1 . Of the 506 clones sequenced, 301 (222 independent clones), representing 59.5% of the total, were identical to sequences of genes whose functions were known; 29 (5.7%) were identical to archived EST sequences; 15 (3.0%) were identical to mitochondrial sequences; and 22 (4.3%) did not match any cDNA sequences in the public database. DNA sequences of all or part of the remaining 139 clones (27.5%) were repetitive elements. Genes corresponding to ESTs are summarized in Table 2 . Comparison of our 222 independent vestibular genes of known functions with DNA sequences from a fetal cochlear library reported previously (Skvorak et al. 1999) revealed that 53 of these cDNAs were common to both studies ( Table 2 ). The vestibular cDNA sequences that were identical to genes of known function were classified into 17 categories according to their functional 
Discussion
We have reported here the successful construction of a human vestibular cDNA library by means of T7-based amplification of RNA. Although several methods were used previously for constructing mammalian inner-ear cDNA libraries, each library required a significant quantity of mRNA (Heller et al. 1998; Harter et al. 1999) ; for example, the well-established human fetal cochlear library required tissue from more than 100 fetal ears (Robertson et al. 1994; Skvorak et al. 1997) . Because the collection of adequate amounts of inner ear tissue is so difficult, the number of clones obtained from a library will necessarily be limited.
aspects in the fetal cochlea library database (http:// hearing.bwh.harvard.edu/cochlearcdnalibrary.htm#EST production).
Semiquantitative RT-PCR and inner-ear expression
We performed RT-PCR experiments for the 22 selected EST clones of unknown function to confirm expression in the vestibule and eight other tissues. Nine of 22 ESTs were confirmed to be expressed in the vestibular tissue, as shown in Table 3 . The expression of the two representative ESTs (clones 297 and 402) was confirmed in the inner ear (vestibule) and other organs (Fig. 1 ).
To overcome this primary disadvantage, we applied the T7-based RNA-amplification method (Van Gelder et al. 1993; Luo et al. 1999) . Our results demonstrated that information about gene expression in the vestibule could be obtained from an extremely small amount of RNA. Although insert sizes of selected clones from our vestibular cDNA library were not as large as those of cochlear cDNA libraries reported previously, the almost complete nature of our genomic sequence information made it easy to define the transcription unit. With regard to repetitive elements, the insufficient sequence complexity, similar to that described in Morton's cochlear cDNA library, might have been enhanced to produce excess artifacts, and all repetitive elements were excluded in this study. The T7-amplification method was able to amplify the transcripts by maintaining the proportion of the original mRNA species, and the T7-amplified cDNA would be an almost complete representation of mRNA in vivo. Thus, identification of genes specifically expressed in the inner ear may be an effective approach to clarify which gene products play important roles in the auditory and vestibular systems and also to discover and characterize genes that carry mutations responsible for deafness. Characterization of our vestibular cDNA library showed a wide variety of molecules including many unknown function proteins, suggesting that yet additional gene products may be involved in the vestibular function. RT-PCR analyses of the selected 22 EST sequences showed that 9 ESTs were expressed in the inner ear. However, no expression of the other 13 ESTs was detected in any tissues, and the possibility cannot be excluded that this problem may be due to an artifact such as unexpected genomic sequence. To evaluate whether these 9 EST transcripts would be truly novel gene fragments, we need further investigation.
In the human, a few cochlear cDNA libraries have been reported (Robertson et al. 1999; Jacob et al. 1997 ), but until now no vestibular cDNA library was available. When we compared results from our vestibular cDNA library with those of the fetal cochlear library, we noted that many genes of known functions were common in both libraries. How- ever, dozens of genes detected in our vestibular library were not found in the fetal cochlear library, indicating that a specific set of genes is expressed in the vestibule. Developmentally, the cochlea and vestibule originate from one embryonic organ, the otic capsule. The vestibular organ is remarkably similar to the cochlea, although their functions are very different. Some structures, including sensory hair cells, neuroepithelia, tectorial or otolithic membranes, and supporting cells, are common in both organs, suggesting that genes expressed in these two parts of the inner ear would play similar roles. Therefore, it is not surprising that the cDNA profile of our vestibular library significantly overlapped with that of the cochlear library. In fact, we encountered the COCH gene four times, the mutations of which are causative to nonsyndromic deafness with vestibular symptoms (DFNA9); this gene is reported to be highly expressed in the human cochlea and vestibule (Robertson et al. 1998) . It is also of interest to know how vestibular function remains intact for many patients whose deafness is caused by mutations of nonsyndromic deafness genes expressed in both the vestibular and cochlear organs. Compared with the cochlear ESTs, particularly with respect to the phenotypic differences, the lack of vestibular dysfunction among affected patients who are carrying mutations in the deafness genes may reflect neurobiological differences based on gene expression profiling. The present study revealed only a small part of the human vestibular cDNA sequences. Nevertheless, the vestibular cDNA library that we have reported here represents a valuable experimental tool for investigating genes related to deafness and should contribute important insights into the molecular basis for the vestibular function.
